Introduction 3
0 ,5 0 -Cyclic adenosine monophosphate (cAMP) as an ubiquitous second messenger regulates cardiomyocyte function by acting in discrete subcellular microdomains. Such microdomains are formed for example around ion channels participating in excitation-contraction (EC) coupling and involve a set of differentially localized receptors, cAMP-dependent protein kinase (PKA) with its anchoring proteins, and cAMP hydrolyzing enzymes phosphodiesterases (PDEs) which are crucial for spatial confinement of cyclic nucleotide gradients in cells. 1, 2 Functionally distinct cAMP microdomains have previously been described in caveolin-rich membrane structures, 3 various subsarcolemmal locations, 4 and around sarcoplasmic reticulum (SR) calcium ATPase. 5 However, local cAMP dynamics in any microdomain directly associated with a sarcolemmal ion channel involved in EC coupling, and its changes in cardiac disease have not been studied before. An important cAMP microdomain might be associated with the sodium-potassium ATPase (NKA), a sarcolemmal pump which, as the predominant Na þ efflux mechanism in cardiomyocytes, maintains the transmembrane Na þ gradient. This gradient is essential not only for a variety of Na-dependent membrane transporters but also for the rapid upstroke of action potential upon depolarization. 6, 7 Subsequent elevation of intracellular Ca 2þ triggers cell contraction followed by the diastolic Ca 2þ extrusion via the sodium-calcium exchanger (NCX) in its forward mode which in turn is promoted by the transmembrane Na þ gradient. 8 Therefore, NKA activity orchestrates calcium cycling and EC coupling. In heart failure, an increase in intracellular Na þ , in part due to a decline in NKA activity, dissipates this Na þ gradient and hence contributes to altered Ca cycling, diastolic dysfunction, arrhythmias, and changes in mitochondrial metabolism. [9] [10] [11] [12] Phospholemman (PLM, also known as FXYD1) is a 72 amino acid transmembrane muscle cell protein [13] [14] [15] which forms a stable complex with NKA. 16, 17 The cytosolic C-terminus of PLM bears at least three different phosphorylation sites, one of them Ser68 can be phosphorylated by PKA and protein kinase C. [18] [19] [20] PLM tonically inhibits NKA, and PLM phosphorylation by PKA leads, via a conformational change occurring without a dissociation, to an increase of NKA activity (its sodium affinity and transport kinetics), thereby lowering intracellular sodium load during increases in heart rate under b-adrenoceptor (b-AR) stimulation. 21 Conversely, hypo-phosphorylation of PLM, as occurs in heart failure, exacerbates contractile dysfunction, increases Na þ overload, and promotes myocardial remodelling. 22 Despite the importance of PLM phosphorylation in both normal and pathophysiology, local cAMP dynamics in this critical microdomain has not been directly investigated.
Here, we developed a novel targeted Förster resonance energy transfer (FRET)-based cAMP biosensor to monitor real time cAMP dynamics in the vicinity of the NKA/PLM complex. FRET measurements uncovered tight regulation of this microdomain by the b 2 -AR/cAMP/PKA and local pools of PDE3, which was lost in heart failure. These data provide a molecular basis for better understanding of disease-associated local signalling changes and may help develop new therapies to prevent sodium overload in heart failure.
Methods
Detailed Section 2 is available in the Supplementary material online.
Chemicals
BAY 60-7550 was from Santa Cruz. Cilostamide, rolipram, (-) isoproterenol (ISO), forskolin, CGP20712A, and ICI118551 were purchased from Sigma. 3-isobutyl-1-methylxanthine (IBMX) was from Applichem. All other chemicals were from Sigma, unless stated otherwise.
Sensor construction
Full-length canine PLM sequence lacking the stop codon was fused via a flexible linker encoding the KRSRAQASNSAVDGTPVATG amino acid sequence to the N-terminus of Epac1-camps. 23 The adenovirus generation is performed using the Gateway V R Cloning system (Life Technologies) and in accordance with the manufacturer's instructions.
FRET-based cAMP measurements in cardiomyocytes
Rats were anaesthetized by isoflurane inhalation and sacrificed by cervical dislocation. Adult rat ventricular myocytes (ARVMs) were isolated by enzymatic Langendorff perfusion, transduced for 48 h with Epac1-camps or PLM-Epac1 adenoviruses, and subjected to FRET measurements as described. 24 Imaging was performed at room temperature in the buffer 
Results

Generation and characterization of a novel targeted PLM-Epac1 biosensor
To enable real time measurements of cAMP directly in the NKA/PLM microdomain, we sought to develop a targeted version of the highly sensitive FRET biosensor Epac1-camps. 23 Epac1-camps is a cytosolic cAMP sensor which contains a cyclic nucleotide binding domain derived from Epac1 which is sandwiched between two green fluorescent protein (GFP) mutants, namely enhanced cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP). In absence of cAMP, CFP and YFP are located in close proximity, generating a high degree of FRET signal.
Binding of cAMP to Epac1 domain leads to a conformational change in the biosensor molecules which brings both fluorophores far apart, decreasing the FRET signal. 27 Based on a previously developed functional 28 we fused our cAMP sensor sequence in a similar way to the PLM C-terminus ( Figure 1A) . When introduced into ARVMs by adenoviral gene transfer (at the multiplicity of infection 300), this targeted biosensor was found in the surface membrane and colocalized well with the endogenous NKA a 1 -subunits, similar to native PLM (Supplementary material online, Figure S1A -D). At least some considerable fraction of the sensor protein was detected at the cell surface using membrane impermeable biotinylation reagent (Supplementary material online, Figure S1B ). It could also inhibit NKA activity in transfected cells and be co-immunoprecipitated with endogenous cardiomyocyte NKA a 1 -subunits in both directions (Supplementary Figure S2A -C), confirming PLM functionality inside the PLM-Epac1 biosensor. Fluorescence in PLM-Epac1 expressing cardiomyocytes showed clear membrane localization in outer sarcolemma and a strong intracellular striated pattern which was clearly distinct from localization pattern of cytosolic proteins such as GFP and Epac1-camps (Figure 1B,C; Supplementary material online, Figure S3 ). Since this intracellular pattern was highly reminiscent of overexpressed junctional sarcoplasmic reticulum (jSR) proteins retained in the biosynthetic pathway including perinuclear space and SR, 29 these areas were excluded from image data analysis. Instead of collecting intensity from the whole myocyte, we measured FRET responses solely in the region encompassing outer sarcolemma ( Figure 1D detectable change of FRET signal could be recorded in the perinuclear region with strong overexpression, suggesting that the sensor molecules might be still immature in this intracellular compartment and should not be affecting recordings from the functionally relevant biosensor pool. Likewise, no detectable change of FRET signal in the membrane regions could be observed in cells stimulated with saturating concentrations (10 mmol/L) of protein kinase C activator phorbol 12-myristate 13-acetate (change in FRET 0.09 ± 0.11%, followed by a positive control 10 mmol/L forskolin plus 100 mmol/L IBMX which caused 9.9 ± 0.6% decrease of FRET ratio, number of animals/cells was 4/10). close functional association of this receptor subtype with PLM. We directly compared the affinities of both biosensors for cAMP and their sensitivities to ISO stimulation in intact ARVMs, using a previously established protocol. 24 Interestingly, the affinity of PLM-Epac1 was slightly lower than that of Epac1-camps (Supplementary material online, Figure S4A ), suggesting that the actual deference in b 2 -AR/cAMP between bulk cytosol and PLM/NKA microdomain might be even greater. Using these sensor calibration data, we recalculated FRET values into absolute cAMP concentrations which were 0.73 ± 0.04 and 2.95 ± 0.41 mM for global (cytosolic) vs. local b 2 -AR stimulated cAMP, respectively. Interestingly, the potencies derived from concentration-response dependencies for ISO measured with both sensors were comparable (Supplementary material online, Figure S4B ). This suggests that b-adrenergic stimulation in general leads to higher cAMP levels at NKA/PLM as compared to the bulk cytosol, which is compatible with the idea of privileged receptor-microdomain communication previously observed also for the phospholamban microdomain. were no significant differences found in the effects of PDE3 and PDE4 selective inhibitors between bulk cytosol and the NKA/PLM microdomain. However, the local contribution of PDE2 was significantly higher in the vicinity of PLM (Figure 3) . After b 1 -AR stimulation, all three PDE family inhibitors showed no significant differences in FRET responses between the two sensors ( Figure 4C) . In sharp contrast, the contribution of PDE3 was strikingly much more pronounced in the NKA/PLM microdomain after b 2 -AR prestimulation ( Figure 4A ,B,D). These FRET data correspond to 1. or NKA/PLM microdomain specific (B) biosensor upon PDE2 inhibition with 100 nmol/L BAY 60-7550, followed by 100 mmol/L of the unselective PDE inhibitor IBMX and by 100 nmol/L ISO and 10 mmol/L forskolin to achieve maximal stimulation. (C) Quantification of the FRET ratio change induced by the specific PDE inhibitors (10 mmol/L cilostamide for PDE3 and 10 mmol/L rolipram for PDE4 were used, respectively) related to the maximum stimulation uncovered PDE2 as the PDE family crucial for confining the PLM/NKA compartment from the bulk cytosol at basal state. Means ± SE, number of cells (n), and hearts (N) per condition were as follows-n/N = 10/4 and n/N = 10/4 for PDE2, n/N = 12/4 and n/N = 24/6 for PDE3, and n/N = 12/5 and n/N = 12/5 for PDE4, respectively. *-significant differences, P < 0.05 by Mann-Whitney U test. Figure S5 ). Importantly, heart failure did not lead to detectable changes of PLM-Epac1 sensor co-localization with endogenous NKA a 1 -subunit, nor was this co-localization affected by various pharmacological treatments used in our study (Supplementary material online, Figure S6 ). Heart failure also did not visibly affect the subcellular localization of the sensor which could be found in intracellular and membrane regions expressing caveolin 3 (Supplementary material online, Figures S7 and S8) . Strikingly, heart failure led to a loss of the local b 2 -AR/cAMP signal compartmentation, leading to FRET responses which were indistinguishable from those measured in the cytosol ( Figure 5A-E) . These FRET values correspond to 0.8 ± 0.1 and 1.9 ± 0.2 mM of cytosolic vs. local b 2 -AR stimulated cAMP, respectively. Interestingly, while there were no major disease-driven changes in PDE effects detected in the cytosol (Supplementary material online, Figure S9 ), measurements with PLMEpac1 sensor in failing cells after b 2 -AR stimulation revealed a significant increase in local PDE2 inhibitor effects accompanied by a decrease in microdomain-specific PDE3 effects ( Figure 5A-D,F) . Finally, using immunofluorescence, we detected a clear co-localization of PDE3 with endogenous PLM which was significantly reduced in heart failure (Supplementary material online, Figure S10) . Importantly, as expected from the FRET data (see Figures 2E and 5E) , b 2 -AR selective stimulation led to a clear phosphorylation of PLM at the Ser68, and this effect was abolished in failing cells ( Figure 6 ).
Discussion
Despite a clear evidence that cAMP modulates cardiac EC coupling by acting in microdomains associated with sarcolemmal ion channels, local compartmentalized cAMP dynamics in their close proximity has not been analysed before. In this study, we directly monitored local cAMP dynamics in the vicinity of NKA by creating a novel PLM-targeted FRET biosensor and using it in healthy and failing ARVMs. Based on biochemical evidence and co-localization experiments, PLM-Epac1 sensor was found in the microdomain of interest and retained functional properties of unmodified PLM in terms of physical association with a 1 -subunits and inhibition of NKA function (see Supplementary material online, Figures S1 and S2) . Similar to endogenous PLM, it localized in outer sarcolemma, while a clear intracellular pattern was also observed which was excluded from the FRET analysis (Figure  1B-D; Supplementary material online, Figures S7 and S8) . Sarcolemmal localization of the PLM-Epac1 biosensor was independently confirmed Figure S1B ). However, adenoviral overexpression of the sensor also led to a strong perinuclear overexpression artefact and several lower molecular weight bands of immunoblots (see Supplementary material online, Figure S2 ) which may result from immature and/or degraded sensor protein. Importantly, there was no detectable change in FRET upon stimulation of cAMP production when recorded from perinuclear overexpression areas (see Figure 1D ), suggesting that these irrelevant protein species do not interfere with specific cAMP recordings. Another clearly striated and partially dotted intracellular pattern was observed (see Figure 1B ,D, Supplementary material online, Figures S1D, S6A , S7, and S8) which is reminiscent of overexpressed jSR proteins retained in the biosynthetic pathway. 29 Since optical microscopy techniques with its resolution close to half of the wavelength of light do not allow to properly resolve T-tubular membrane from jSR which are just 10-30 nm apart, we cannot conclude on the localization of the biosensor pool or even a part of it in the T-tubular membrane. Silverman et al. 31 have shown that around 75% of endogenous PLM are localized on sarcolemmal membrane while a minor residual fraction might be located in T-tubuli of guinea pig ventricular myocytes. On the other hand, rat cardiomyocytes were reported to show somewhat more of a striated or dotted, presumably T-tubular staining. 32 -34 Since we could not definitely resolve the In heart failure, there is a pronounced increase in local PDE2 and a decrease in local PDE3 inhibitor effects. Compound concentrations were as in Figure 4 . Means ± SE, number of cells (n), and hearts (N) per condition were as follows-n/N = 7/4 and n/N = 6/3 for PDE2, and n/N = 12/4 and n/N = 9/3 for PDE3, respectively. *-significant differences, P < 0.05 by mixed ANOVA followed by Wald v . Figure 2) . This suggests an important functional coupling of b 2 -AR with this microdomain, which, in addition to much more abundant b 1 -AR stimulated cAMP, might critically regulate NKA function. To selectively activate b 1 -and b 2 -AR subtypes, we used a combination of the unselective b-adrenergic agonist ISO together with b 1 -and b 2 -AR subtype-selective antagonists CGP20712A and ICI118551 which we established to be selective at the respective concentrations using b 1 -and b 2 -AR knockout mice. 24 In a previous study, using scanning ion conductance microscopy in combination with FRET-based cAMP recordings, we could detect b 2 -AR/cAMP signals originating from functional receptors exclusively located in T-tubules of healthy ARVMs. 25 This T-tubular localization of the b 2 -AR leads to local cAMP confinement by PKAdependent buffering and activation of PDE4. In contrast, b 1 -AR as the predominant b-AR subtype was evenly distributed across the sarcolemma. b 1 -AR modulation leads to changes in cAMP signals in both cytosolic and sarcolemmal membrane microdomains, to strong contractile responses and promotes cardiac remodelling. In contrast, functional b 2 -ARs are exclusively located in T-tubules, thereby generating highly localized cAMP responses which do not significantly diffuse into the deep cytosol containing sarcoplasmic reticulum and contractile proteins but may protect from pathological remodelling. 25, 35 Therefore, one may expect a functional interaction of b 2 -AR with NKA/PLM. It is also well documented that b 2 -ARs are localized in caveolin-rich membrane domains which may include sarcolemmal caveolae. 36 Obviously, it is difficult to conclude for our data whether PLM is co-localized with T-tubuli. However, FRET recordings indicate a close functional association of b 2 -AR/cAMP pools with the NKA/PLM microdomain. It is tempting to speculate that b 2 -AR could also play a cardioprotective role by inducing a local pool of cAMP which leads to phosphorylation of PLM and protection from Ca 2þ overload. However, in chronic heart failure, this cAMP microdomain becomes disrupted (see Figure 5E ) which may limit the potentially beneficial effects of b 2 -AR. Previously, Juel et al. showed that b 2 -AR activation modulates NKA activity in human skeletal muscle, 37 although PLM phosphorylation was not examined in this study. Two other reports 38, 39 showed that pharmacological b 2 -AR agonists (terbutaline and formoterol) both increased PLM Ser68 phosphorylation in human skeletal muscle. Here, we report for the first time that b 2 -AR signalling modulates local cAMP gradients around the NKA/ PLM microdomain, leading to PKA-mediated PLM phosphorylation in cardiac myocytes which is changed in disease. Our FRET data go in line with immunoblot analysis which shows that selective b 2 -AR stimulation leads to an increase of PLM phosphorylation, and that this effect is clearly abolished in heart failure (see Figure 6 ). The drop of b 2 -AR/cAMP signal in the vicinity of NKA/PLM could be, at least in part, a result of b 2 -AR redistribution from T-tubules to detubulated membrane areas which has been previously described for failing cardiomyocytes isolated the same MI-induced disease model. 25 Potentially, detubulation could promote also PDE3 redistribution, thereby affecting local cAMP degradation. Equally important could be changes in PDE composition of the NKA/ PLM microdomain detected in this study. By analysing the effects of the selective inhibitors for the major cardiomyocyte cAMP hydrolyzing PDEs (2, 3, and 4), we found that the NKA/PLM microdomain is under stringent PDE2 dependent control at basal state, while after b 2 -AR stimulation, PDE3 becomes dominant (see Figures 3 and 4) . This is comparable with the data from adult mouse cardiomyocytes obtained using a targeted version of the Epac1-camps sensor localized in the caveolin-rich membrane microdomains including T-tubules (pmEpac). 3 Using immunofluorescence, significant co-localization of PDE3A with endogenous PLM could be observed, which may result from PDE3A association with sarcolemma and SR membrane, with a clear reduction in heart failure (see Supplementary material online, Figure S10) . Likewise, functional effect of the PDE3 inhibitor cilostamide on cAMP levels in the NKA/PLM microdomain was dramatically reduced in failing cells (see Figure 5C ,D,F). Instead, the local effect of PDE2 was significantly increased (see Figure  5A ,B,F). This important PDE has been previously shown to be A B Figure 6 Immunoblot analysis of PLM phosphorylation. (A) Representative immunoblots for ARVMs isolated from either controls (AMC) or from rats with chronic heart failure after MI. Cells were stimulated for 5 min with 100 nmol/L ISO plus 100 nmol/L CGP20712A to selectively activate b 2 -AR. PLM phosphorylation was analysed using a Ser68 phosphoantibody. In healthy cells, b 2 -AR stimulates PLM phosphorylation, this effect is blunted in heart failure. Data analysis is in (B). Means ± SE, number of blots/hearts were 6/3 and 5/3 for control and stimulated groups, respectively. *-significant difference, P < 0.05 by one-way ANOVA.
Phospholemman cAMP microdomain up-regulated at the mRNA and protein level in various heart failure models 40 and seems to affect especially the local microdomain signalling (Figure 7) , while no significant disease-driven alterations could be detected in the bulk cytosol (Supplementary material online, Figure S9) . Previously, using an early disease model of compensated cardiac hypertrophy induced by transverse aortic constriction in pmEpac expressing mice, we uncovered a PDE2 and PDE3 redistribution between b 1 -and b 2 -AR-associated caveolar and non-caveolar membrane microdomains. In this case, PDE3 as the predominant PDE family at the b 2 -AR was substituted by PDE2, leading to changes in cGMP/cAMP cross-talk engaged by atrial natriuretic peptide receptors. 3 Obviously, a similar change in PDE repertoire in the NKA/PLM microdomain can be now detected also in a chronic rat heart failure model (see Figure 5 ). This change of the microdomain-specific PDE composition should definitely affect the rates of cAMP hydrolysis resulting in a change of responsiveness to b 2 -AR stimulation. The modulation of the local cAMP response by cGMP associated with atrial and brain natriuretic peptide signalling is unlikely to play a role in this decompensated late disease model because of the desensitization of their common NPR1 receptor which is typical for chronic heart failure. 41 In summary, we provide the first direct visualization of local cAMP signalling at a sarcolemmal cardiomyocyte ion channel regulated in a microdomain formed around the NKA/PLM complex. FRET-based live cell imaging indicates tight regulation of this microdomain by the b 2 -AR and local pools of PDE3 and its dramatic alteration in heart failure. This knowledge could provide a molecular basis for novel therapeutic strategies to prevent disease-associated sodium overload and impaired EC coupling.
Supplementary material
Supplementary material is available at Cardiovascular Research online. PLM microdomain and its changes in heart failure. In healthy ARVMs, NKA/PLM is in close functional proximity to the b 2 -AR and PDE3. In disease, receptor and PDE redistribution disrupts the proper b 2 -AR signalling to cAMP/PKA/PLM. Local increase of PDE2 mediated effects and a decrease of PDE3 co-localization with the microdomain can be detected in disease.
